Polyglutamine expansion within the exon1 of huntingtin leads to protein misfolding, aggregation, and cytotoxicity in Huntington's disease. This incurable neurodegenerative disease is the most prevalent member of a family of CAG repeat expansion disorders. Although mature exon1 fibrils are viable candidates for the toxic species, their molecular structure and how they form have remained poorly understood. Using advanced magic angle spinning solid-state NMR, we directly probe the structure of the rigid core that is at the heart of huntingtin exon1 fibrils and other polyglutamine aggregates, via measurements of long-range intramolecular and intermolecular contacts, backbone and side-chain torsion angles, relaxation measurements, and calculations of chemical shifts. These experiments reveal the presence of β-hairpin-containing β-sheets that are connected through interdigitating extended side chains. Despite dramatic differences in aggregation behavior, huntingtin exon1 fibrils and other polyglutamine-based aggregates contain identical β-strand-based cores. Prior structural models, derived from X-ray fiber diffraction and computational analyses, are shown to be inconsistent with the solid-state NMR results. Internally, the polyglutamine amyloid fibrils are coassembled from differently structured monomers, which we describe as a type of "intrinsic" polymorphism. A stochastic polyglutamine-specific aggregation mechanism is introduced to explain this phenomenon. We show that the aggregation of mutant huntingtin exon1 proceeds via an intramolecular collapse of the expanded polyglutamine domain and discuss the implications of this observation for our understanding of its misfolding and aggregation mechanisms.
T he misfolding and aggregation of proteins is a common, but asyet poorly understood, cause for human disease. One family of protein misfolding diseases involves the expansion of CAG repeats in specific genes (1) . Beyond a threshold value, increasing CAG repeat lengths correlate to decreasing age of pathological onset and increasing toxicity. The most prevalent example is Huntington's disease (HD), an incurable neurological disorder that impacts motor and cognitive abilities and is ultimately fatal. In HD, the expansion affects a polyglutamine (polyQ) domain near the N terminus of the huntingtin (htt) protein causing protein misfolding, N-terminal fragmentation, and aggregation. Much attention has focused on the N-terminal fragment coinciding with htt exon1 (Fig. 1A) because it is generated in vivo and induces HD-like disease pathology in mouse models (2, 3) . Htt exon1 is known to misfold and self-assemble via a series of aggregated species, including spherical oligomers, protofibrils, mature amyloid fibrils, and large fibril clusters (3) (4) (5) (6) . Although some studies suggested that large inclusions are nontoxic and may be protective (7) , recent work also revealed the presence in cells of smaller amyloid aggregates of exon1 that are not visible in normal fluorescence microscopy (8) and specific toxic cellular events triggered by inclusions (9) . Despite their potential importance, only limited atomic resolution structural data are available on the fibrillar aggregates that are formed by htt exon1 or other polyQ-based proteins or peptides (10) . Although it is generally accepted that the mature fibrils feature antiparallel β-sheets, there continue to be conflicting models not only for their fibrillar structure, but also for the specifics of the multistage pathway by which they are formed. For instance, intramolecular polyQ-based β-hairpins are both proposed to be either nuclei that initiate the rapid formation of β-hairpinbased fibrils (11) or semistable monomeric or oligomeric species that at least transiently resist progression to fibrils (12) . Concrete structural data on the fibril's internal structure are essential prerequisites for a truly molecular understanding of the way in which mutant htt exon1 and other polyQ disease proteins misfold and aggregate.
Magic-angle-spinning (MAS) solid-state NMR (ssNMR) spectroscopy has developed into an essential tool for the determination of amyloid fibril structure (13, 14) . We previously used MAS ssNMR to elucidate the domain structure of aggregated htt N-terminal fragments, in which we identified the rigid amyloid core (15, 16) . This polyQ-based amyloid core was found to have an unusual spectral signature that is also shared by other polyQ aggregates (11, 15, 17) . However, until now, no ssNMR-based structural constraints on the htt exon1 amyloid core were available. Here, we present structural ssNMR measurements on the exon1 amyloid core and compare it to polyQ peptide fibrils. We show that two kinds of β-strands make up the core assembly, where they engage in intimate intraprotein Significance Huntington's disease is a devastating and incurable inherited neurodegenerative disease. Like at least eight other diseases, its primary genetic cause is the CAG repeat expansion in a specific gene. Mutant huntingtin protein undergoes misfolding and aggregation, causing degeneration of neurons through as-yet poorly understood mechanisms. Attempts to characterize the implicated protein deposits have until now had limited success. We present our structural studies of mutant huntingtin-derived protein deposits by advanced solid-state NMR spectroscopy. We determine the essential structural features of the fibrils' rigid core, which is shown to feature intramolecular β-hairpins tied together via interdigitating extended side chains. These structural insights have direct implications for the mechanism by which the mutant protein misfolds and self-assembles.
interactions. Interactions between β-sheets involve steric-zipper-like side-chain interdigitation (18) , based on side-chain torsion angle measurements and other structural and dynamic constraints. Implications of the β-hairpin-based core structure for the misfolding and aggregation pathways followed by expanded polyQ domains in context of htt exon1 and beyond are discussed.
Results
The β-Sheet-Based Huntingtin exon1 Fibril Core. Mutant htt exon1 with an expanded 44-residue polyQ domain was expressed as a maltose-binding protein (MBP) fusion construct (Fig. 1A) (5, 16) . Cleavage with factor Xa releases exon1, which first forms oligomeric aggregates (Fig. 1C) , and later amyloid-like fibrils ( Fig. 1 D  and E) . The MAS ssNMR spectrum in Fig. 2A shows the Gln (Fig. 1F) . Colored lines mark the Gln peaks of two types ("a" and "b") of rigid core residues present in equal amounts. Signals from the partly mobile flanking domains outside the amyloid core (15, 16) are not marked. Despite reports of temperature-dependent polymorphism (19) , no difference is seen between the polyQ core signals of fibrils formed at room temperature and 37°C (SI Appendix, Fig. S1 ). A much smaller set of signals (type "c") is observed for Gln outside the amyloid core (16, 17) (SI Appendix, Fig. S1 ). In "backbone walk" spectra, we correlate the 15 N and 13 C signals of sequential residues ( Fig. 2 B and C) . The intraresidue and interresidue correlation spectra are identical (Fig. 2D) , which implies that each Gln is preceded and followed by residues of the same type. No evidence of direct a-b connections is observed. Thus, the exon1 fibril core must contain some combination of two structurally distinct types of uninterrupted polyQ tracts, each of which is exclusively comprised of one of two distinct Gln conformers that differ in their NMR signals (Fig. 2E) .
SI Appendix, Fig. S1 shows that these NMR signals are indistinguishable from those of "simple" polyQ fibrils without htt flanking domains (11, (15) (16) (17) . Previous studies have noted that these chemical shifts are indicative of β-sheet rather than α-helical or random coil structure. However, some argue that polyQ aggregation may involve a nonstandard secondary structure, known as α-sheet, which may be indistinguishable from β-sheet by its NMR shifts (20, 21) . To test this assertion, we did chemical shift-independent torsion angle measurements (22) and found unambiguous evidence for a β-sheet conformation. We used "NCCN" experiments that probe the relative orientation of N i -C i α and C i '-N i+1 dipolar coupling vectors and, thus, report on jψj (the magnitude of the ψ torsion angle; SI Appendix, Fig. S2 ) (23) . We labeled two sequential Gln within a polyQ peptide, where both feature the amyloid core ssNMR signals (SI Appendix, Fig. S1 H and I). We obtained NCCN measurements for each of these signals ( Fig. 3 A and B and SI Appendix, Fig. S2 ) and find that type-b Gln have jψj = 152 ± 2°. This result unambiguously contradicts an α-sheet-based assembly in which residues would occupy the α and Lα regions (Fig. 3C) . The NCCN measurement and chemical shift analysis (24) agree on the β-strand conformation (Fig. 3C ), similar to prior ssNMR studies of amyloid structure (25, 26) . The type-a Gln have a different NCCN signal from type-b Gln (Fig. 3A) . It also fits a β-sheet structure although, in this case, not uniquely so. We conclude that it reflects a β-strand structure based on agreement from chemical shift analysis (Fig. 3C ) and the fact that the two conformers coassemble in the amyloid core (see below). Thus, the doubled ssNMR peaks of the htt exon1 fibril core and other polyQ amyloids are due to two equally populated, but structurally distinct β-strand types.
The htt exon1 Core β-Strands Form Intramolecular β-Hairpins. We probed for interactions between these two types of β-strands by recording a 13 C- 13 C spectrum with a longer 13 C- 13 C polarization exchange time ( Fig. 4 A and B) . In this spectrum with 250-ms proton-driven spin diffusion (PDSD) mixing, we observe many strong cross-peaks between the two sets of Gln peaks. Both in the literature (27) (28) (29) , and in reference experiments (SI Appendix, Fig. S3A ), this mixing time allows for detectable signal transfer over up to ∼7 Å. Many of the "interform" (i.e., between a and b conformers) peaks are even visible at shorter PDSD mixing times (SI Appendix, Fig. S3D ). We see extensive transfer between backbones, from backbone to side chains and vice versa, which implies that the two β-strand types are in intimate contact with each other and form a "composite" amyloid core (30) .
An in-depth structural analysis of these data is difficult, because in fully labeled amyloid fibrils ( Fig. 4 A and B) , the peaks reflect both interactions within a particular protein as well as those between different proteins. Thus, we prepared fibrils from a mix of 13 C-only-and 15 N-only-labeled exon1. Here, one expects that 13 C- 13 C polarization transfer between 13 C sites within each 13 C-labeled monomer will be unchanged, but 13 C- 13 C contacts between proteins will be suppressed. Using fibrils containing 26% (Fig. 4C) . Even with the fourfold 13 C dilution, cross-peaks between the a/b conformers are still observed. These peaks can be seen clearly in 1D slices (Fig. 4 D-F) comparing the fully labeled and mixed fibrils, both for polarization transfer from backbone (circled C α and C′) or side-chain carbons (C δ ; circled). Peaks reflecting transfer across to the other β-strand (e.g., a to b or vice versa) are specifically marked. For more quantitative insights, we measured the 2D peak intensities and found the interform peaks to reflect 2-8% of the originating 13 C signal (Fig. 4G and SI Appendix, Fig. S3B ). In analogous data on a reference sample of known structure, such peak volumes correspond to distances up to 6.5 Å (SI Appendix, Fig. S3A ). Based on the cross-β X-ray pattern of polyQ ( Fig. 5 A and B and refs. 31 and 32) , the backbones of β-sheets are separated by 8.4 Å. Then, the observed backbone-tobackbone interactions cannot be contacts between β-sheets, but must reflect interactions within a β-sheet. More precisely, they must occur between neighboring β-strands that are 4.7 Å apart (Fig. 5) . Given that these are isotopically diluted fibrils, these neighboring a and b strands must be part of the same protein monomer (SI Appendix, Fig. S3A ), forming an intramolecular β-hairpin (Fig. 5C ).
The similar cross-peak patterns in 13 C- 13 C spectra of fully and mixed-labeled fibrils shows that the interactions within and between proteins must be similar. To selectively probe for the latter category of contacts, we looked for the dominant N mixed fibrils, using an "NHHC" experiment (SI Appendix, Fig. S4A; ref. 33 ). We found much stronger peaks for the sidechain nitrogens than for the backbones, which indicates that backbone-backbone contacts occur more commonly Interdigitation of the Extended and Rigid Gln Side Chains. Among the dominant side-chain N e contacts in the NHHC spectrum, we see close contact between one protein's side-chain N e and the backbone C α of another protein (SI Appendix, Fig. S4A ). The 13 C-13 C spectra also show strong peaks between the end of side chains (C δ ) and backbone carbons C α and C′, in particular in the absence of isotopic dilution (Fig. 4 and SI Appendix, Fig. S3D ). These data fit well to an interdigitated steric-zipper interface that places the side chain termini of one β-sheet close to the backbone of a neighboring β-sheet (18, 30) . We tested for other characteristic features of steric zippers. First, we adapted a "HCCH" experiment previously used to measure a molecular torsion angle in rhodopsin's retinal (34) to measure side-chain torsion angles in polyQ amyloid with one or two U- 13 C, 15 N Gln. We obtained χ 2 -sensitive HCCH data that were indistinguishable for the two β-strand types (Fig. 3E and SI Appendix, Fig. S5H ) and show that χ 2 = 180 ± 15°in both β-strands. This angle is inconsistent with bent side chains (SI Appendix, Fig. S6A ; ref. 35 ) but fits a steric zipper (Fig. 5D) . We also obtained χ 1 -dependent HCCH data, which were found to significantly differ between the a and b Gln (Fig. 3F and SI Appendix, Fig. S5G ), showing that a and b β-strands differ in their side-chain structure. The best fitting χ 1 angles are −65°for conformer a and 55°for conformer b, although reduced χ 2 analysis cannot exclude other rotamers (SI Appendix, Fig. S5 ). We probed polyQ side-chain motion via 15 N R 1 , 15 N R 1ρ , 13 C R 1 , and 13 C R 1ρ relaxation measurements, in part enabled by ultrafast MAS (36, 37) (Fig. 3 G-I and SI Appendix, Fig. S5I ). These results show the side chains to have a rigidity characteristic of their confinement in a steric zipper amyloid core (18, 30) . Thus, the polyQ backbone in the amyloid core relaxes as slowly as the rigid backbone of the crystalline globular protein GB1 (e. g., Fig. 3 H and I) . Remarkably, compared with Gln side chains in GB1 crystals, the side chains in the polyQ amyloid core exhibit relaxation similar to that of the backbone (Fig. 3 H and I) , suggesting a lack of interaction with the solvent consistent with a "dry" interface. Altogether, the ssNMR data all point to an interdigitated steric-zipper-like structure, as illustrated in Fig. 5D .
Discussion
The htt exon1 polyQ Amyloid Core Features β-Sheets Interacting via Steric Zippers. Using MAS ssNMR, we examined the structure of the polyQ amyloid core of htt exon1 fibrils and other polyQ aggregates. The exon1 amyloid core features equal populations of two specific types of Gln signals that are identically reproduced in amyloid fibrils formed by shorter N-terminal htt fragments and polyQ model peptides (SI Appendix, Fig. S1 ). MAS ssNMR torsion angle measurements showed that these doubled signals are not from α-sheets, but reflect two β-strand types with different backbone and side-chain χ 1 torsion angles. They do share an identical χ 2 angle (of 180°), having extended side chains. On the basis of polyQ's cross-β parameters and various complementary ssNMR measurements, we found these side chains to interdigitate to form a steric-zipper interface between β-sheets.
The Antiparallel polyQ β-Sheets Contain Intramolecular β-Hairpins.
The 13 C- 13 C spectra showed that the a-and b-type β-strands are in intimate contact, even when mixed with a majority of protein without 13 C labels. Thus, the contacts represent interactions within a single protein, rather than between different proteins. These interactions include intimate (<6.5 Å) interactions between the backbones of the two β-strands, which cannot be between β-sheets (which are farther apart; Fig. 5 A and B) . Thus, these intimate backbone-to-backbone distances must occur between neighboring polyQ β-strands in the same β-sheet. Given the lack of long loops or turns (see below), the only way to see such contacts within a single polypeptide chain is in the form of β-hairpins. To the best of our knowledge, this experiment presents the first direct evidence that β-hairpins are a prominent building block of the amyloid core of htt exon1 fibrils.
A β-hairpin-based structure implies that the fibrils must contain Gln in β-turns in addition to those forming β-strands. As noted above, the ssNMR signals of the exon1 fibril core are so strongly dominated by the β-sheet amyloid signals, that it is hard to analyze the ssNMR signals from the turn regions. This challenge is compounded by likely structural heterogeneity in these turns, as predicted by our mechanistic model introduced below and observed in polyQ with widely studied (11, 12, 38) β-hairpin-stabilizing mutations (SI Appendix, Fig. S7 ). The c-type Gln are the best candidates for the turn structure (16), and they constitute at most ∼10% of the total Gln signal. This observation is qualitatively similar for polyQ amyloid lacking htt's flanking domains (17) . If ∼90% of a 44-residue exon1 polyQ domain forms β-strands, and considering that β-turns usually span four or more residues (39) , then the implication is that perhaps just a single turn region occurs per protein. Kinetic studies indicate that polyQ segments down to 26 residues in length aggregate via a β-hairpin-based monomeric nucleus, suggesting a minimal β-strand length of ∼11 residues (11, 40) . Although 20-residue β-strands might seem unusually long, they fit easily within the exon1 fibril width (∼15 nm; Fig. 1F ).
The polyQ Amyloid Core Building Block. The obtained backbone torsion angles allow the construction of two β-strands with slightly different backbone conformations that are able to align with each other and form hydrogen bonds in an antiparallel fashion. Because residues within each β-strand have identical chemical shifts, it is most likely that all residues within each β-strand have the same torsion angles (in both backbone and side chain). The side-chain dihedral angles, relaxation, and 13 C- 13 C correlation constraints were then used to construct the model shown in Fig. 5D . It features two different, but structurally compatible β-strands. The model uses the best-fit χ 1 angles, which (as discussed above) are not unique solutions in the absence of other constraints. The obtained extended side chains are able to form an interdigitated interface between β-sheets consistent with the observed contacts, as well as the (relatively short) β-sheet repeat distance of polyQ (Fig. 5A) . The residues form a Gln "ladder" within each β-sheet, which was assumed to set the (as yet unconstrained) χ 3 angle to allow hydrogen bonding between stacked side chains.
Chemical Shift Signature of the polyQ Amyloid Structure. The ssNMR signals of polyQ amyloid are highly unusual and seemingly unique (11) . A good structural model should rationalize this ssNMR signature. The most striking feature is that C β and C γ carbons have highly unusual chemical shifts (11) . Gln in a few globular proteins reproduce some of the shifts (17), but these residues are typically surface exposed, dynamic, and sample widely varying side-chain conformations. We submitted different polyQ models to ab initio 13 C chemical shift calculations. The absence of side-chain motion (Fig. 3 G-I ) and lack of aromatic residues render the polyQ amyloid core particularly amenable to this kind of analysis, at least for nonhydrogen-bonding carbons. We calculated 13 C chemical shifts for reference compounds and different polyQ models (18, 32, 35, 41, 42) (SI Appendix, Tables S3-S4). The latter fail to reproduce the experimental ssNMR results (SI Appendix, Fig. S6 ), with the exception of our ssNMR-derived model (Fig. 5D) . It predicts identical shifts throughout each β-strand, atypically small chemical shift differences between C β and C γ in both β-strands, and C β /C γ shifts for strand a that are several ppm higher than those of strand b. Thus, our model reproduces the shift patterns and rationalizes the presence of two distinct ssNMR signals at equal intensities.
PolyQ's Intrinsic Peak Doubling Explained by a Stochastic Assembly
Mechanism. Despite the agreement between this model and our data, the model does not explain an intriguing feature of the polyQ signature: The peak doubling is also seen when just a single residue is labeled (Fig. 6A and SI Appendix, Fig. S1 ) (11, 15, 16) . Thus, in half of the proteins in the sample, this Gln residue is present in an a-type β-strand, and in the other half it is part of a b-type β-strand. We propose that this intrinsic polymorphism is a universal feature of polyQ amyloids and reflects an aggregation mechanism that is stochastic during nucleation, fibril elongation, or both. The β-hairpin-based fibril structure implies that elongation must involve β-hairpin formation. During elongation, incoming proteins add to the exposed β-strands of the fibril ends. Fig. 6B schematically shows an exposed b-type β-strand. A section of the incoming polyQ domain then must form the other β-strand type (i.e., type a) as it binds, because same-to-same interactions are not allowed due to constraints on pairing of hydrogen bonding in the backbone and side chains (Fig. 5E ). Although this step may thus appear deterministic, stochastic assembly arises from the degeneracy of the polyQ sequence: Different sections of the incoming polyQ domain are equally capable of being the initial point of interaction. This model is schematically visualized in Fig. 6B for a polyQ domain forming a single β-hairpin. A single labeled Gln near the N terminus randomly ends up in either of the two β-strand configurations, leading to that one residue showing both peaks at a 1:1 ratio, as observed experimentally.
We hypothesize that even the formation of the initial elongationcapable structure could be stochastic. Mechanistic studies suggest β-hairpin formation to be critical in the nucleation process for long polyQ (11, 40) . We propose that this could involve formation of not one specific β-hairpin structure, but rather the stochastic formation of structurally related, but nonetheless different, β-hairpins. They would be structurally related by always ending up with the complementary a and b β-strands, while being different in the ways that those strands are arranged. An N-terminal a-type β-strand can be combined with a more C-terminal b-type strand, or vice versa (Fig. 6C) , with likely minimal energetic or kinetic differences.
Thus, we propose mutant htt exon1 and other polyQ peptides to follow a stochastic assembly mechanism that is a universal feature of polyQ, independent of aggregation kinetics and sequence context (SI Appendix, Fig. S1 ). A prior study (17) reported that D 2 Q 15 K 2 fibrils showed the same two signals, but argued that individual Gln were present in either one or the other conformer, but not in both. We were intrigued by the potential implication that single-residue peak doubling would depend on the length of the polyQ segment and, thus, might point toward a structural or mechanistic rationale for the polyQ threshold phenomenon. When we measured D 2 Q 15 K 2 fibrils with a single labeled Gln, however, we observed the doubled peak pattern (SI Appendix, Fig. S1F) , showing no evidence of a change in the stochastic assembly process as a function of polyQ length.
Fibril Polymorphism in polyQ Amyloid. Other work has argued for polymorphism in the structure of aggregated polyQ, with potential implications for aggregate toxicity (19) . The ability for a single sequence to form polymorphic fibrils is common for amyloid-forming proteins, and ssNMR chemical shifts are the gold standard for detecting the underlying structural differences (14) . However, polyQ fibrils always feature the same pattern of chemical shifts (SI Appendix, Fig. S1 ), reflecting the described combination of two β-strand configurations. One might expect that a purely Gln-based sequence could fulfill the fundamental architecture of an interdigitating β-hairpin-based assembly in different ways, but the data do not support this expectation. We hypothesize that the origins for this lack of variability must be in the nucleation process that initiates the amyloid formation. This event dictates the structure of the initial assembly that is faithfully extended and reproduced during elongation (Fig. 6) . As examined in a recent molecular dynamics study, different β-strand-based polyQ structures have distinct propensities for initiating the aggregation process (43) . We propose therefore that the particular structure that we observe in the polyQ amyloid core would be uniquely capable of nucleated elongation. It is not immediately obvious from the current data what makes this conformation so unique, but we hope that the structural insights enabled by ssNMR will facilitate computational and experimental explorations of this issue.
Conclusion
We have shown by ssNMR that the amyloid core of htt exon1 fibrils and other polyQ aggregates feature β-sheets that interact via interdigitation of side chains. We described how specific β-hairpin structures are present in the htt exon1 fibrils and a stochastic aggregation mechanism of expanded polyQ. These insights greatly enhance our understanding of polyQ misfolding and aggregation and provide support for mechanistic studies that have pinpointed β-hairpin formation to be a pivotal event in the aggregation process. (15) . The specific Gln (Q19) is distributed between both β-strand types, shown with their schematic ssNMR spectra. (B) Schematic fibril core containing β-sheets with 2n β-strands (Top). Elongation maintains the alternating β-strand pattern, but can be initiated by different segments of the polyQ domain, which then causes the N-terminal labeled Gln (circles) to end up in both β-strand types (Bottom). (C) During nucleation, an a-b β-strand assembly can be formed in two ways, yielding related but distinct β-hairpin structures. The circles mark a single labeled Gln nearer the N terminus.
Materials and Methods
Fibril Sample Preparation. Fibrillar htt exon1 with a 44-residue polyQ domain ( Fig. 1A and SI Appendix, Table S1 ) was prepared following protocols similar to those reported (16), with several modifications described in SI Appendix, SI Materials and Methods. Site-specifically labeled peptide fibrils (SI Appendix, Table S1 ) were prepared according to reported protocols (11, 44) , with more details provided in SI Appendix, SI Materials and Methods.
Transmission Electron Microscopy. Transmission electron microscopy (TEM) was performed on mature U- 13 C, 15 N htt exon1 fibrils and on htt exon1 samples harvested during aggregation (SI Appendix, SI Materials and Methods). Samples were negatively stained with 1% (wt/vol) uranyl acetate. Imaging at 6,500-to 15,000-fold magnification was done by using a Technai T12spirit transmission electron microscope (FEI) operating at 120 kV and equipped with an UltraScan 1000 CCD camera (Gatan).
MAS ssNMR Spectroscopy. MAS ssNMR experiments were performed by using Bruker spectrometers operating at 600 and 800 MHz 1 H Larmor frequencies, using 1.3-and 3.2-mm MAS NMR probes. Assignments were performed by using 2D 13 C-13 C and 15 N-13 C assignment measurements. Distance constraints were obtained by using PDSD and NHHC experiments (33) . Backbone and side-chain torsion angles were measured by using NCCN (23, 26) and HCCHstyle dipolar recoupling measurements (34) (SI Appendix, Figs. S2 and S5 ). 15 N R 1ρ , 13 C R 1ρ , and 13 C R 1 relaxation rates were measured at 60 kHz MAS, and 15 N R 1 rates were measured at 20 kHz MAS (30, 36, 37) . Further details are in SI Appendix, SI Materials and Methods.
X-Ray Powder Diffraction. Hydrated K 2 Q 31 K 2 amyloid fibrils sealed into a glass capillary were measured by X-ray powder diffraction at room temperature. Experimental details are given in SI Appendix, SI Materials and Methods.
Chemical Shift Calculations. Ab initio calculations were carried out on different Gln-containing candidate structures, using the PQS program (45) . Density functional GIAO shielding calculations were performed with the B3LYP functional and the Ahlrichs TZP basis set (46) . Absolute shieldings were corrected as described (47) . Reference calculations were carried out on an amyloidogenic peptide of known structure (18, 41) . Additional details are given in SI Appendix, SI Materials and Methods.
